The structure of the Fe 3 O 4 (001) surface was studied using surface x-ray diffraction in both ultra-high vacuum, and higher-pressure environments relevant to water-gas shift catalysis. The experimental xray structure factors from the √ 2x √ 2R45
Introduction
Magnetite is an interesting material due to its surface reactivity, as well as its exceptional electronic and magnetic properties. It is involved in the catalysis of the water-gas shift reaction [1] , in Fischer-Tropsch synthesis [2] , and it also raised some interest due to its possible application for groundwater remediation [3] and in spintronic devices [4] . Since these applications depend on the surface structure of the material, a correct description is fundamental for a deeper understanding of the processes involved. Magnetite crystallizes in the inverse spinel structure, which can be described as a distorted oxygen fcc lattice with iron ions filling one eighth of the octahedral and one sixteenth of the tetrahedral positions [5] . The tetrahedrally coordinated iron ions (Fe tet ) are formally in a Fe 3+ charge state, and the octahedral sites (Fe oct ) are equally filled by Fe 2+ and Fe 3+ . Under ultrahigh vacuum (UHV) conditions, the clean (001) surface of magnetite exhibits a √ 2 × √ 2R45
• reconstruction [6] [7] [8] [9] [10] . As a result of a combined study by density functional theory (DFT), low energy electron diffraction (LEED) current -voltage (I-V) measurements and surface x-ray diffraction (SXRD), it was proposed that the surface is bulk truncated at the B layer (a plane containing both Fe oct and O atoms, see Fig. 1a ). In this distorted bulk truncation (DBT) model, a Jahn-Teller distortion of the octahedrally coordinated iron ions in the surface leads to a wave-like displacement of the surface oxygen-iron rows [11, 12] , in qualitative agreement with contrast observed in STM images. LEED I-V and SXRD experiments were concluded to confirm the structure. Recently however, a new model was proposed [13] based on an ordered array of Fe oct subsurface cation vacancies and Fe tet surface interstitials (SCV model). The Pendry r-factor achieved in LEED I-V data analysis was significantly improved (0.125) over the DBT model (0.34), and DFT+U calculations suggest the SCV model is thermodynamically more stable than the DBT model [13] .
Here we present an extended SXRD dataset from the √ 2 × √ 2R45
• surface in comparison to a previous SXRD study [11] . Structure factors extracted from the data were used to compare and refine the different models. Ultimately, our results confirm the recently proposed SCV model of the reconstructed surface. In addition to the clean surface, the evolution of the surface structure in a water vapor rich environment is important because magnetite is used as a catalyst for the water-gas shift reaction [1] . Water adsorption on magnetite (001) has been studied previously at varying pressure ranges by STM [14] , LEED I-V [15] , XPS [16, 17] , and using DFT+U calculations [15, 17, 18] . Interestingly, exposure to 10 −6 mbar water vapor at 273 K was reported to lift the √ 2 × √ 2R45
• reconstruction, and a mixed-mode adsorption containing both dissociated and intact water molecules was proposed on the basis of LEED I-V and DFT+U calculations. In this study, we apply surface x-ray diffraction (SXRD) to investigate changes that occur at the (001) surface of magnetite at near atmosphere pressures and temperatures. We followed the lifting of the surface reconstruction in water vapor and show that the exposure to water vapor at 520 K is concomitant with a roughening of the surface. Heating under a combined CO and water vapor flow at higher temperature leads to a decrease in the lateral structural correlation length at the surface and an increase in disorder.
Experimental
The experiment was performed at the European Synchrotron Radiation Facility (ESRF), beamline ID03 [19] at a photon energy of 11.5 keV. The beamline is equipped with a 6-circle diffractometer and a maxipix 2D detector. A natural magnetite single crystal with a size of 10x10x2 mm 3 was mounted in a mobile UHV compatible chamber with a base pressure of 7 · 10 −9 mbar and the ability to work under gas flow conditions at atmospheric pressures [20] . The surface of the sample was prepared before each measurement by multiple cycles of sputtering with 1 kV Ar ions at 10 −5 mbar Ar pressure and subsequent annealing at 920 K for 20 minutes in vacuum, with the last two annealing cycles in 2 · 10 −6 mbar oxygen. For the determination of the surface structure, a set of crystal truncation rods as well as surface rods was measured at a fixed angle of incidence of 2
• . This was done by performing rocking scans with sample rotation axis normal to the surface at different L-values on five non-symmetry equivalent surface rods as well as seven non-symmetry equivalent crystal truncation rods. For the measurements under water vapor flow conditions, deionized water was cleaned by several freeze-pump-thaw cycles. Argon was bubbled through the water and let into the chamber at a flow of 15 ml/min, while a pressure of 100 mbar was maintained inside the reactor part of the chamber at room temperature.To simulate water-gas shift conditions, a combined flow of Ar/water vapor at a rate of 15 ml/min and CO at a rate of 20 ml/min was applied. The sample was heated by a boron nitrite encapsulated pyrolytic graphite heater and the sample temperature was obtained from a previous heating current -temperature calibration for UHV and flow conditions with an accuracy of ±20 K.
Results
To extract the structure factors from the measured rocking scans, the program ANA from the ANAROD-package was used. Background subtracted rocking scans were integrated and standard correction factors were applied such as Lorentz and polarization factors, area correction and the statistical error was determined [21] . Due to the fact that for surface x-ray diffraction (SXRD), in most cases, the systematic errors due to misalignment govern the total error of the measurements an additional systematic error of 15% was introduced. Fitting of a structural model to the data was performed using the program ROD from the same package, employing the adaptive simulated annealing algorithm to avoid suboptimal local minima. The x-ray data are presented using bulk (cubic) reciprocal lattice coordinates (H,K,L) related to the reciprocal lattice vectors a * , b * , c * with a * =b * =c * = 2π/a 0 , and a 0 = 8.397 Å (magnetite bulk lattice constant).
Reconstructed Surface
The bulk structure of magnetite is shown in Figure 1a . In the [001] direction, the structure is built up by so-called B layers of octahedrally coordinated iron (shown as yellow spheres) and oxygen (red spheres) and A layers of tetrahedrally coordinated iron (blue spheres). The newly proposed subsurface cation vacancy (SCV) structure model is shown in Figure 1b . In the first A layer from the surface, shown in Figure 2 a), an additional tetrahedral iron ion is added in each unit cell, while in the B layer underneath (Figure 2 b)), two iron vacancies are formed (empty black circles), resulting in one net iron ion missing per unit cell. As a starting model for the refinement of the surface structure, a model based on a refinement of LEED I-V measurements as well as one based on DFT-calculations of the SCV model [13] were used, which differ slightly in the atomic positions. The fitting was performed by optimizing the x-y and z-positions of the iron ions layerby-layer starting at the surface layer (see Figure  2 ), taking in the 2D c2mm plane symmetry group into account. In addition two 90
• rotational domains were included, corresponding to the two different terraces with a step height of 2.1 Å, equivalent to a quarter of the unit cell height. Due to their lower electron number as compared to Fe, oxygen ions exhibit a smaller contribution to the scattered intensity on the rods, and therefore their positions were kept fixed. Since only the displacements in the first three layers had a significant impact on the quality of the fit, the position of all deeper layers was fixed to the bulk values. Further on, a variation of the surface fraction of the reconstructed surface was allowed to take the possibility into account that not the whole sur- face was reconstructed. A single scale factor for all structure factors was included. A second scale factor for the surface rods did not improve the fits or lead to any significant change in the surface fractions, and was therefore not used for the final fits. The experimental structure factors and the calculated ones from the LEED I-V based model before and after refinement [13] are shown in Figure 3 , together with a comparison of structure factors for the bulk terminated DBT model [12] . The corresponding mean square weighted deviation values χ 2 red values characterizing the goodness of fit (see [21] ) are compared in Table 1 together with the values starting the fit from LEED I-V and DFT+U atomic positions [13] . The refinements only lead to small deviations from the initial iron atom positions in the range of 0.02-0.06 Å. In the refinement of the LEED I-V based model, the deviations in the in-plane positions of the tetrahedral iron ions in the first near surface A layer as well as in the out-of-plane positions of the iron ions in the second A and B layer and the octahedral coordinated iron ions in the fourth B layer from the surface are most significant. In the refinement of the DFT-based model, the most significant change is a displacement of the iron ions towards the surface ≤ 0.05 Å, with some smaller changes in the in-plane positions of 0.01-0.03 Å. All changes in atomic positions are very small, reflecting the good agreement between the experimental structure factors and those calculated from the SCV model based on both LEED I-V and DFT before refinement. Small differences in the final χ 2 red values between both point to local nearby minima in the refinement procedure. The atom positions obtained from the refinement of the LEED I-V model can be found in the supporting material in Table A . From this, we can immediately confirm the SCV model due to its very good agreement with our data, and reject the previously proposed DBT model. According to our optimized structures, the reconstruction was covering around 76% of the surface. This may originate from residual gas adsorption of molecules in the chamber during preparation.
To examine the sensitivity of the x-ray structure factors on the reorganisation of the iron ions in the surface unit cell of the SCV model, structure factors with only the additional tetrahedral iron atom as well as only the two octahedral vacancies were calculated and scaled to the data, applying one scale factor for each model. A comparison is shown in Figure 4 . Both ingredients of the reconstruction lead to distinct features in the shape of the crystal truncation rods (CTRs) and surface rods, some of which are also present in the data (like some of the oscillations on the (0,2) CTR), while some of them are missing. The (0,2) CTR is also insensitive to the filling of the octahedral vacancies in the SCV model. The (2,3)-rod around L=3 on the other hand is particularly sensitive to the occupation of the octahedral iron vacancies, with a higher occupation by iron ions giving rise to an increased structure factor around L=3.5. This leads to reduced χ 2 -values of 2.42 for the model with only octahedral vacancies and 4.66 for the model with only the additional tetrahedral iron atom. Both components of the subsurface cation vacancy model therefore improve the fit, with the stronger change in stoichiometry leading to the bigger improvement. The (1,4)-rod is particularly sensitive to the surface reconstruction, with none of the components alone being able to replicate the structure factors obtained from the measurements. This shows that to model the surface reconstruction, both components are needed, as only one of them present would not lead to a structural model that fits well to the data.
Water and CO on magnetite (001)
In this section we discuss the change in atomic scale morphology of the Fe 3 O 4 (001) surface under near ambient pressure water vapor and CO flow conditions for different temperatures, close to conditions for the water gas shift reaction. First the sample surface was investigated under pure water vapor / Ar flow at 15 ml / min and a total pressure of 100 mbar in the reactor part of the chamber at room temperature. The stability of the clean surface was investigated by tracking the diffraction signal of the surface reconstruction at the reciprocal lattice position (1,2,1.3) . The timescan of the diffraction signal on the (1,2) rod at L=1.3 is shown in Figure 5 . Upon applying the water vapor flow, the surface reconstruction was lifted in less than 10 seconds, with no signal measurable on any of the surface rods. A similar observation of reconstruction lifting upon water dosing at a much lower water vapor pressure of 10 −6 mbar was made by LEED at 273 K [15] . The √ 2 × √ 2R45
• reconstruction did not recover upon going back to UHV conditions, nor after subsequent heating to 570 K in UHV. This result is different to that of Mulakuluri et al. [15] , who reported that heating the water exposed surface to 770 K led to a recovery of the reconstruction, which might be attributed to the lower temperature and the much higher water dosage applied in our experiment. In the next step the sample was heated to 520 K under pure water vapor / Ar flow at 15 ml / min and a total pressure of 100 mbar. Under these conditions, the signal on the CTRs decreased significantly compared to the signal under water vapor flow without heating. This observation is characteristic for an increase in surface roughness which is also accompanied by an increase in diffuse scattering around the CTRs. By applying the beta model [22] , we can estimate the increase in surface roughness from the reduction of the structure factor after water dosing at room temperature and after heating to 520 K under water vapor flow. The structure factors decreases by around 30 % at (3,3,2.7), corresponding to an increase in root mean square (r.m.s.) surface roughness of around 4.3 Å. A formation of oxygen vacancies was observed in STM [14] after low coverage water adsorption (< 0.1 monolayer) and flash annealing to 520 K in vacuum. For the water vapor induced surface roughening two scenarios are pos- sible: either the surface continues to form oxygen vacancies by continuous surface reduction and the desorption of O 2 as proposed in [14] . In this case Fe interstitials may form, which may diffuse into the bulk, giving rise to the observed roughening. On the other hand, also the growth of iron hydroxides may take place by reaction with Fe interstitials dissolved in the bulk. It is unlikely that the formation of new stoichiometric Fe 3 O 4 takes place, which was observed under the exposure to pure O 2 [23] .
Applying a combined Ar/water vapor and CO flow of 15 ml/min and 20 ml/min at 520 K, respectively, while keeping the sample temperature at the same value, does not lead to any detectable changes in the surface morphology. This is supported by a comparison of the transversal (H,-K) scans on the (3,3) CTR at L=2.8 under pure water vapor flow and mixed water vapor CO flow as presented in Figure 6 .
Further heating to 650 K under water-gas shift reaction conditions lead to an increase in the width of the crystal truncation rods at (3,3,2.8) in the transversal direction along (H,K=-H) as well as a decrease in the peak intensity, thereby conserving the integrated intensity. The corresponding (H,K=-H) scan on the (3,3) CTR at L=2.8 are shown in Figure 6 . The increase of the CTR profile in the transversal direction points to a lowering of the lateral correlations on the surface, such as the terrace lengths. Fitting a pseudo-Voigt profile to the data and evaluating the corresponding FWHM values leads to an average correlation length of 76 ± 5 nm at 520 K, and 29 ± 5 nm after heating to 650 K, resulting in a decrease in the in-plane surface correlation length of around 60 %. The detailed mechanism for this change in surface morphology can however not be directly inferred from our data. 
Summary and conclusion
To determine the surface structure of magnetite (001) in UHV, the surface of a natural single crystal was prepared and investigated by surface x-ray diffraction in a UHV chamber compatible with ambient pressure gas flow conditions. Based on the extensive data set we obtained on the √ 2 × √ 2R45
• reconstructed surface, we were able to confirm and refine the subsurface cation vacancy model for the magnetite (001) √ 2× √ 2R45
• surface reconstruction and disprove the previously proposed distorted bulk truncation model. The refinement itself led to some small displacements of the iron atoms (≤ 0.06 Å) in the first 3 layers compared to the atomic positions determined by LEED I-V experiments and DFT calculations. Utilizing SXRD, the lifting of the √ 2 × √ 2R45
• surface reconstruction was observed upon exposing the crystal to a water vapor flow. Finally the surface was probed at elevated temperatures under water flow as well as under water-gas shift reaction conditions to obtain information about changes in the surface morphology under these conditions. At 520 K under water vapor flow, we observed an increase in the r.m.s. roughness by 4.3 Å. Upon switching to water-gas shift reaction conditions, we did not see any further changes in the roughness perpendicular to the surface, but we were able to observe a shrinking of the in-plane correlation length of the surface structure by 60% when heating the surface from 520 K to 650 K. Our experiments demonstrate that oxide surfaces under catalytic reaction conditions can undergo strong restructuring, which needs to be taken into account for an atomic scale understanding of reaction mechanisms. 
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